A method was developed for the large scale preparation of uridine diphosphate-N-acetylgalactosamine (UDP-GalNAc) from uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) by means of microbial enzymes. With Bacillus subtilis cell-free extract as a source of UDP-GlcNAc 4-epimerase, about 35% of the UDPGlcNAc added was converted to UDP-GalNAc. After the residual UDP-GlcNAc was degraded to uridine triphosphate and N-acetylglucosamine-1-phosphate with a protamine-treated extract of bakers' yeast as a source of UDP-GlcNAc pyrophosphorylase, UDP-GalNAc was separated by anion-exchange column chromatography. The nucleotide was recovered by adsorption on charcoal and elution with ammoniacal ethanol. The final yield was about 100 ,umol.
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Uridine diphosphate-N-acetylgalactosamine (UDP-GalNAc) was first isolated from the liver (15) . This compound also has been found in various other sources (8, 9, 13, 16) , including microorganisms (6) . The amino sugar nucleotide participates in the biosynthesis of bacterial lipopolysaccharides, chondroitin sulfate, and blood group substances as a glycosyl donor.
The enzymatic formation of UDP-GalNAc is catalyzed by uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) 4-epimerase (EC 5.1.3.7), which converts UDP-GlcNAc to UDPGalNAc in a ratio of about 65:35 in Bacillus subtilis (6) . The preparation of UDP-GalNAc from a naturally occurring mixture of UDPGlcNAc and UDP-GalNAc in a hen oviduct was reported by Strominger and Smith (17) . They used the specific enzyme UDP-GlcNAc pyrophosphorylase (EC 2.7.7.23) from Staphylococcus aureus (18) to degrade UDP-GlcNAc, since UDP-GalNAc is a very poor substrate for this enzyme. We previously reported a method for the enzymatic preparation of UDP-GalNAc from UDP-GlcNAc by using bacterial enzymes (10) . This method depends on the epimerization of UDP-GlcNAc to UDP-GalNAc by a crude epimerase from B. subtilis, followed by pyrophosphorolysis of the residual UDP-GlcNAc with UDP-GlcNAc pyrophosphorylase from S.
aureus.
The chemical synthesis of UDP-GalNAc was also reported by Carlson et al., using galactosamine as the starting material (3). However, these preparative methods only provide a small amount of UDP-GalNAc.
Recently, UDP-GalNAc has been used as the analytical reagent for identification of rare blood groups (20) . Since the assay of N-acetylgalactosaminyltransferase activity in blood serum, using this compound as a substrate, will be routinely useful for identification of rare blood groups, large amounts of UDP-GalNAc will be needed.
In the present work, we describe the preparation of large amounts of UDP-GalNAc by using a specific UDP-GlcNAc pyrophosphorylase from bakers' yeast (21) . It is easy to obtain large amounts of the pyrophosphorylase preparation from bakers' yeast. Preparation of UDP-GIcNAc 4-epimerase. All Preparation of UDP-GIcNAc pyrophosphorylase. The enzyme preparation of UDP-GlcNAc pyrophosphorylase was prepared from pressed bakers' yeast. Fresh bakers' yeast (1.0 kg [wet weight]) was suspended in 500 ml of 0.01 M potassium phosphate buffer (pH 7.5) containing 0.1 mM dithiothreitol and ground for 1 h in a cooled mortar with a 0.5 weight of aluminum oxide. The mixture was centrifuged at 10,000 x g for 30 min to separate the cell extract from the alumina and cell debris. The precipitate was resuspended with 300 ml of the same buffer and centrifuged. These supernatant solutions were combined (8.6 g as protein), and 8 ml of 10% solution of protamine sulfate (pH 7.5) was added. The mixture was then stirred. After 30 min, the mixture was centrifuged, and the supernatant solution was dialyzed against Tris-hydrochloride-MgCl2-EDTA buffer (pH 7.5).
The protein in the dialyzed solution was precipitated by ammonium sulfate at 80% saturation. The precipitate was dissolved in the same buffer and then dialyzed against the same buffer. The dialyzed enzyme solution was used as a UDP-GlcNAc pyrophosphorylase preparation.
Analyses. The amount of uridine nucleotides was determined by paper chromatography carried out on a circular paper disk (20 cm in diameter, Toyo Filter Paper no. 53) with a solvent system of 95% ethanol-i M ammonium acetate (7.5:3, pH 7.5) (1). The ultraviolet absorbing spots were cut off, extracted with 5 ml of 0.01 N HCI at 30°C overnight, and the amount of each compound in the extract was calculated by measuring the absorbance at 260 nm with a molecular extinction coefficient for uridine compounds of 9.9 x 103. Column chromatography of nucleotides with Dowex 1X2 (chloride forn) was performed by stepwise elution with HCl-NaCl solution by the method of Cohn and Carter (4). Paper chromatography of GlcNAc and GalNAc was carried out on a boratetreated paper (2) with a solvent system of n-butanolpyridine-water (6:4:3) and with Morgan-Elson spray reagent (14) . Colorimetric determinations of galactosamine in the presence of glucosamine were performed by the method of Ludowig and Benmaman (12) . The enzyme protein was determined by the method of Lowry et al. (11) .
Materials. UDP-GlcNAc was prepared from 5'-uridine monophosphate by the fermentative method reported previously (19) . All other chemicals were commercial products.
RESULTS
Enzymatic preparation of UDP-GaINAc from UDP-GlcNAc. The following reaction was carried out for the preparation of UDPGalNAc from UDP-GlcNAc by the epimerization of UDP-GlcNAc with the bacterial enzyme. The incubation mixture consisted of 1 mmol of UDP-GlcNAc, 10 mmol of Tris-hydrochloride buffer (pH 7.5), 1 mmol of MgCl2, 0.1 mmol of EDTA, and the dialyzed cell-free extract of B. subtilis (1,760 mg of protein) in a total volume of 100 ml. The incubation was carried out at 370C for 3 h under static condition. During the incubation, portions of the reaction mixture were sampled at intervals, heated at 100°C for 3 min, and centrifuged. The paper chromatogram of the supernatant solution, developed with ethanol-ammonium acetate solvent, showed a main ultraviolet absorbing spot with the same mobility as UDP-GlcNAc and a trace of an ultraviolet spot of uridine. UDP-GlcNAc and UDP-GalNAc were not separable by use of a solvent system of 95% ethanol-i M ammonium acetate (7.5:3, pH 7.5) (1). However, after the reaction mixture was hydrolyzed in 0.01 N HCI at 1000C for 15 min, two spots of amino sugars corresponding to GlcNAc and GalNAc were detected on a borate-treated paper developed with butanol-pyridine-water solvent. After hydrolysis of the reaction mixture at 1000C for 120 min in 2 N HCI, the amount of galactosamine liberated was determined colorimetrically. The result is shown in Fig. 1 . The amount of galactosamine reached a plateau after 60 min, and the maximum was 3.3 ,umol/ml, which is approximately equal to 35% of the initial UDP-GlcNAc incubated. The data also showed that 35% of the UDP-GlcNAc was converted to UDP-GalNAc in the epimerase reaction, which is in close agreement with the equilibrium of UDPGlcNAc 4-epimerase of B. subtilis reported by Glaser (6) .
The epimerase reaction was terminated by immersing the flask into boiling water for 5 min and then cooling. After the denatured protein was removed by centrifugation, the nucleotides in the supematant were adsorbed on the charcoal and eluted with 50% ethanol containing 5% NH4OH. The (Fig. 2) . The reaction mixture treated with charcoal, followed by elu 50% ethanol containing 5% NH40H. T was concentrated by evaporation undei pressure and applied to a column of Dc (chloride form, 5 .wex 1X2
Previously we described a method for the ompound preparation of UDP-GalNAc from UDPuted with GlcNAc by means of bacterial enzymes (10) . B. >. 3). The subtilis cell-free extract was used as an enzyme preparation of UDP-GlcNAc 4-epimerase, and the ammonium sulfate fraction of S. aureus was used as a source of UDP-GlcNAc pyrophosphorylase. However, the method of preparation of the staphylococcal enzyme is complicated, and the enzyme yield is minimal. Therefore, the 4 method seems to be impractical. In the preceding paper, we reported the purification and characterization of UDP-GlcNAc pyrophosphorylase from bakers' yeast (21) . We found that, like the bacterial enzyme, the yeast enzyme was also specific to UDP-GlcNAc, and could easily be obtainable in a large amount. Therefore, we used a protamine treated extract of bakers' yeast as a source of UDP-GlcNAc PREPARATION OF UDP-GalNAc BY MICROBIAL ENZYMES 395 merase (equation 1). UDP-GIcNAc 4-epimerase obtained from B. subtilis was fully active in the absence of oxidized nicotinamide adenine dinucleotide (NAD+). This is the advantage of the enzyme from B. subtilis over the same enzyme from rat livers, which requires the addition of NAD+ (7) . Moreover, liver extract also has been shown to contain UDP-GlcNAc 2-epimerase (EC 5.1.3.14) which catalyzes the formation of N-acetylmannosamine from UDP-GlcNAc (5). The cell extract of B. subtilis does not contain UDP-GlcNAc 2-epimerase and is therefore considered to be a better source of UDP-GIcNAc 4-epimerase for the enzymatic preparation of UDP-GalNAc from UDP-GlcNAc.
The pyrophosphorolysis of the residual UDPGlcNAc was catalyzed by UDP-GlcNAc pyrophosphorylase (equation 2) from bakers' yeast, which is inactive to UDP-GaINAc (21) . This enzyme was not present in the extract of B. subtilis, whereas the enzyme preparation of bakers' yeast was free from UDP-GlcNAc 4-epimerase. Therefore, it seems that these microbial enzymes, UDP-GlcNAc 4-epimerase from B. subtilis and UDP-GlcNAc pyrophosphorylase from bakers' yeast, would be very effective and practical for the preparation of UDP-GaINAc from UDP-GlcNAc.
